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I. INTRODUCTION
Thermal nitridation of silicon dioxide has been of interest recently. Thermal nitridation ofSi0 2 in.an ammonia ambient improves the properties of Si0 2 , resulting in a higher dielectric constant, less sensitivity to ionizing radiation, and lower incidence of low-field breakdown.
I -
3 However, various authors have reported that thermal nitridation introduces a large number of electron traps in the films.4,5 It is well known that the preserice of electron traps usually degrades the performance of the device, giving rise to drifts in threshold voltage and transconductance. 6 In nitrided oxides, it has been suggested that the electron traps improve the breakdown voltage distribution and radiation hardening. 4 ,7
In the literature thereisdisagreement concerning the characteristics and the origin of electron traps in nitrided oxides. Capture cross sections of both 10-17 and 10-14 cm 2 have been reported from studies of avalanche injection and high-field current. 4 . 5 ,8.9 Recently Severi and Impronta 10 in their investigations found the capture cross section of the electron traps' to be 10-16 cm 2 • A low generation rate of interface states II, 12 has been observed for thermallynitrided Si0 2 when subjected to electron injection. Thermal emission of electrons from the electron traps has been reported by Terry et al. 9 In this paper, we report the electrical characteristics of thermally nitrided silicon dioxide prepared under different nitridation conditions. The parameters which were varied were the ammonia concentration in the ambient (25% and 40%), the time of nitridation (30--120 min) and the temperature of nitridation (1000, 1050, and 1100 ·C). Negative flat-band voltage and interface-state densities of the nitrided oxides were studied. Electron trapping in nitrided oxides was studied using the avalanche injection technique. The capture cross section of the electron traps was found to be 10-16 crn: 2 . We found from our measurements that the density of electron traps in nitrided oxides follows the trend of the negative flat-band voltage. Detrapping of the trapped electrons was also studied in detail. Energy depths of these traps were evaluated. We suggest that detrapping is mainly due to thermal emission.
II. DEVICE FABRICATION
Dry oxides of thickness t ox 30--40 nm were thermally grown at 1000·C on p-type (lOO)-oriented Si substrates with resistivities of 0.125-0.25 n cm. This was followed by an anneal in nitrogen at 1000 ·C for 30 min. Thermal nitridation was then done on some dry oxides. Nitridation ambient composition ratios of 25% and 40% ammonia in nitrogen were used. Nitridation was done at three temperatures, 1000, 1050, and 1100·C for times ranging from 30 to 120 min. Post-nitridation anneal in nitrogen was done for some samples at the temperature of nitridation for 30 min. For gate contaCt, aluminum was deposited in an e-beam evaporation system. Gate contacts of 1 mm 2 were defined by photolithography. Finally, post-metallization anneal was carried out in hydrogen at 450 ·C for 30 min. .
III. EXPERIMENTAL METHODS
This seCtion briefly describes the experimental techniques used in this study.
.
A. High-frequency C-V
High-frequency capacitance-voltage (HFCV) measurements at 1 MHz were made using a PAR 410 C-V plotter and HP 9826 instrument controller. The flat-band voltage V FB and fixed charge N f for nitrided oxides and control dry oxides were evaluated from a high-frequency C-V curve. 13
Interface-state densities Dit were measured by the quasistatic technique. 14 A slow linear ramp (typically 30 m V /s) was applied across the MOS capacitor. The displacement current through the MOS capacitor was measured with a Keithley 617 electrometer and data was transferred to the HP 9826 instrument controller via the IEEE 488 instrumentation bus. The measured current is proportional to the lowfrequency capacitance. The interface-state density was calculated from the quasistatic C-V curve using a standard procedure. 14 C. Electron trapping Hot electrons were injected into the oxide from Si by the avalanche injection technique. The circuit used to inject hot electrons from silicon into the insulator was similar to that published by Nicollian et al. 15 The MOS capacitor is driven into deep depletion momentarily by applying a sine wave of ISO-kHz frequency and 30--40 V pop amplitude. The injected current in the MOS capacitor was maintained constant dur-ing electron injection by a constant current feedback circuit. The high-frequency C-V curves were measured on all the capacitors prior to electron injection. The shift in flat-band voltage due to electron trapping was measured by interrupting the electron injection at fixed intervals oftime. The capture cross section (T and the effective densities Neff of electron traps were calculated using the first-order capture process for a single trap level,16 assuming no detrapping, and also assuming that the traps were located close to the Si-Si0 2 interface.
D. Field emission of trapped electrons
Field emission measurements were carried out by applying negative and positive voltages to the gate electrode at room temperature. Shifts in V FB . due to field emission of trapped electrons were measured as a function of applied field for fixed time.
E. Thermal emission of trapped electrons
Thermal detrapping measurements were used to find the energy levels of the electron traps in the insulator. Thermal detrapping measurements were carried out as a function oftime (10-100 min) for a constant temperature and as a function of temperature (100-350 DC) for fixed times. No electric field was applied during detrapping. HFCV measurements were used to measure the shift in flat-band voltage due to thermal detrapping.
IV. RESULTS AND DISCUSSION

A. Negative flat-band voltage
The HFCV curves show a larger negative flat-band voltage for thermally nitrided oxides compared to the control dry oxides. The amount of negative flat-band voltage in nitrided oxides was found to be a function of nitridatiori time, temperature, and the NH3 content. Negative flat-band voltage for nitrided oxides improves by 0.1-0.2 V with postnitridation anneal for 30 min in nitrogen. Chen, Tseng, and Chang l ? have also observed an improvement in negative flatband voltage with a post-nitridation anneal. Figure 1 shows the flat-band voltage as a function of nitridation time for different nitridation temperatures at 40% NH 3 . From Fig. 1 , we clearly observe that the trend is for a smaller negative flat-band voltage with longer nitridation times and also for higher nitridation temperatures. The , bars in the plot indicate the spread in V FB over a 2-in. wafer.
It was also observed that the negative flat-band voltage improves by a small amount for 40% NH3 when compared to 25% NH3 at different nitridation temperatures and times. However, at 1050 DC for 120 min it improves by 0.3-0.4 V and hence results in a crossover with the 1100 DC curve for 40% NH3 nitridation as shown in Fig. 1 . Several authors have explained the negative flat-band voltage. First, Ito, Nakamura, and Ishikawa I have suggested that it is due to active hydrogen atoms dissolving Si-O bonds and generating positively charged silicon ions, protons, and dangling bonds. Chen, Tseng, and Chang l ? have also invoked the dissociation of Si-O bonds by hydrogen gas and suggested that the decreasing solubility of hydrogen pointed out that the flat-band voltage is dependent on the nitrogen distribution and the strain created at the interface. At sufficiently high nitrogen concentrations, nitrogen incorporation leads to healing out of the initial strain and thus reduces the flat-band voltage.
At present, the exact nature of the nitridation-induced shifts in flat-band voltage is stillundear. We speculate in our model that the dissociated hydrogen gas from NH3 during nitridation breaks the Si-O bonds as suggested by Chen and co-workers l ? and trivalent silicon defects (O=Si') are created. These trivalent silicon defects act as fixed charge and contribute to the larger negative flat-band voltage in nitrided oxides. We suggest that the relaxation of V FB with increasing temperature, time, and NH3 content during nitridation is not due to the decreasing·solubility of hydrogen gas in Si0 2 as pointed out by Chen and co-workers 17 but rather due to a larger incorporation of nitrogen into the oxide which is bonded with the already created trivalent Si, thereby reducing the flat-band voltage at higher temperatures or times. These centers are similar to the centers that act as electron traps as described in Sec. IV C.
B. Interface-state densities
Interface-state densities of the nitrided and control dry oxides were measured. In nitrided oxides they were found to be a function of nitridation time, temperature, and percent of NH3 content. We have observed that for smaller times of nitridation (30 min), D jl in midgap is higher compared to a l20-min nitridation as shown in Fig. 2 . The trend in interface-state density as a function of nitridation time is quite similar to that observed for the flat-band voltage shift. We can explain the above results in the same fashion as that of fiat-band voltage shift. At the Si-Si0 2 interface, trivalent sili~.
con (Si=Si' ) gives rise to interface-state densities according to Svensson. 
C. Electron trapping
In thermally nitrided oxides the density of electron traps has been found to be larger than for the control dry oxide samples. 4 We measured the control samples as well as the 25% and 40% nitrided oxides. The results indicated that V FB shifts due to avalanche injection are more for 25% than for 40% nitrided oxides at 1100 ·C. Figure 3 shows the V FB shift due to injection as a function of injection time for the control oxides and nitrided oxides. Electron trapping in nitrided oxides is also a function of nitridation temperature as shown in Fig. 4 for 40% NH 3 • The density of electron traps was less for 1100 ·Cnitrided oxide compared to 1050·C ni- trided oxide. In oxides nitrided at 1100 ·C, a hump was observed due to electron trapping as shown in Fig. 3 . The exact nature of this behavior is not clear but it should be mentioned that before the "turnaround," the t:.. V FB for 25% and 40% follow each other closely. The trend in V FB shifts due to electron trapping with change in nitridation temperature is similar to that observed for negative flat-band voltage. Interface states were generated due to electron injection in nitrided oxides. Figure 6 shows the Dit -Eg curves for the nitrided oxide grown at 1100 ·C for 60 niin. The stretchout in HFCV curves due to interface states generated by electron injection is small and therefore the V FB shifts were assumed t6 be due to electron traps only. .
Electron capture cross section (7 of these traps was evaluated in a similar way to that of Nicollian et al. 15 Based on our results, the variation of electron traps in nitrided oxides with nitridation temperature or NH3 content has a similar behavior to that of a negative flat-band voltage. The larger number of electron traps in nitrided ox~des may be due to trivalent Si defects located 100 A or so away from the interface. These are similar to the trivalent Si defects which produce the fixed charge except that the latter are very close to the interface (within about 20 A). The similar trends observed in negative flat-band voltage and electron traps are due therefore to similar kinds of defects. It is also possible that some of the electron traps might be due to nitrogen bonded to trivalent silicon (O=Si' ). Nitrogen acts as a substitutional impurity and replaces oxygen sites in the Si-O bond structure and thus also acts as an electron trap.21
D. Field emission
During field emission, it was observed that the rate of detrapping of trapped electrons was significantly dependent on the polarity of voltage applied at the gate. All the trapped electrons could be emptied out in 25 min at a negative field of 7 MV Icm as shown in Fig. 7 . However, with positive fields only 30% of the trapped electrons could be removed. This implies that most of the trapped electrons are located near the Si-Si0 2 interface, and can tunnel to the silicon under negative bias.
E. Thermal emission
Some of the trapped electrons were released at room temperature within 3-4 h of the avalanche injection. Typi- cally, this resulted in a 0.5-1.0 V V FB shift. But later, even after 100 h, the shift in V FB is only 1 V as shown in Fig. 8 . Chang, Johnson, and LyonS have also reported room-temperature detrapping in nitrided oxides, and in their case V FB had fully recovered to its original value after 18 h, whereas in our case it is only a partial recovery. We consider that this detrapping of electrons may be due to a tunnel emission mechanism from shallow traps. A plot of flat-band voltage shift due to detrapping versus logarithmic time (at 25 ·C) shown in Fig. 9 is a straight line. According to Yamabe and Miura 22 this straight line indicates the existence of tunnel emission.
The remainder of the trapped electrons were either detrapped at varying temperatures up to 375 ·C for fixed times (10-20 min) or at fixed temperatures (between 200 and 350 DC) for times up to 100 min. At temperatures of 300-375 ·C we were able to detrap almost all the trapped electrons. After the detrapping experiment, we could fill these traps by repeating the avalanche injection and the V FB shift due to electron trapping is the same as before. It was also possible to detrap all the filled traps a second time. This indicates that the traps are intrinsic to the insulator, and probably not created by the avalanche process. Dit at mid gap after detrapping was reduced nearly to the initial value before injection as shown in Fig. 6 . The possible reason for reduction in Dil after thermal detrapping is that the interface states created during avalanclIe injection are annealed during thermal detrapping due to possible restructuring of the lattice at the interface. , , cates that the traps do not have a single time constant, but are distributed in energy.23 It may be noted that earlier, while calculating (7, we had assumed a single trap level. Although it is now seen that the traps are distributed, the value of (7 calculated is approximately correct.
To determine the energy distribution of electron traps a procedure similar to the thermal emission of electrons from interface states to the conduction band of silicon was used. 24 The rate of emission of trapped electrons per cm 2 from the traps at energy ET is given by
where'v is the escape frequency of electrons and DOl (E T ) is the electron trap density!cm 2 eV. The trap level ET is given by
where X is the centroid of the charge. For t~ 10-11 s, Eq.
( 1 ) can be written as
The slope of the curve da V FD I dt vs 1/ t gives the electron trap density with trap location determined by Eq. (2). The traps are located at energy levels between 1. 3 and 1.6 e V. The corresponding DOl (E T ) values were found to be 2-7 X 10 12 1 cm 2 eV, assuming X is near to the interface. Chang and coworkers 5 have suggested tunnel emission for detrapping and estimated the depth of dominant traps to be ;;;.2 eV below the cond1,lction band. Emission of trapped electrons by tunneling at high fields by Terry et al. 9 yields a trap depth of 3.5-4 eV. From our observations, the electron traps in nitrided oxides are of two types having different detrapping mechanisms and are distributed in energy. Initially, detrapping of trapped charge at room temperature is due to tunnel emission from shallow traps near the interface. Later, thermal emission dominates the detrapping process from the (energetically) deeper traps in the nitrided oxides.
v. CONCLUSIONS
Our in vestigations show that the characteristics of thermally nitrided silicon dioxide are dependent on nitridation time, temperature, and on the NH3 content used. The negative flat-band voltage decreases with increasing nitridation time, temperature, and NH3 content. The density of electron traps strongly increased upon nitridation. The exact number is dependent on the processing conditions. The variation with processing conditions of V FB and electron trap density is similar. This had led us to a model of trivalent silicon defects being responsible for both. Capture cross section of these electron traps were found to be 10-15 _10-16 cm 2 . Energy depths ofthese traps were evaluated to be 1.3-1.6 eV.
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